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© Semiconductor substrate including strained layer superlattice structure layer. 



© A semiconductor substrate comprising: a single- 
crystalline semiconductor wafer substrate; a strained 
layer superlattice (SLS) structure layer formed on 
the wafer substrate: and a compound semiconductor 
epitaxial layer formed on the SLS structure layer. 
According to the present invention, the SLS structure 
layer consists of pairs of a first compound semicon- 
ductor thin layer and a second compound semicon- 
ductor thin layer, the first and second thin layers 
^Having the same components in a compound system 
having a miscibility gap, and having different com- 
positions outside of the miscibility gap including the 
limit line of the miscibility gap. respectively, at a 
temperature higher than that of heat-treatments ap- 
^1 plied to the compound semiconductor substrate. 
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SEMICONDUCTOR SUBSTRATE INCLUDING 

BACKGROUND OF THE INVENTION 



1. Field of the Invention 

The present invention relates to a semiconduc- 
tor substrate for a production of semiconductor 
transistor devices or photoeiectronic devices, and 
more particularly, to a semiconductor substrate 
comprising a single-crystalline semiconductor wa- 
fer substrate, a compound semiconductor epitaxial 
layer, and a strained layer superlattice (SLS) struc- 
ture layer between the wafer layer and the epitaxial 
layer. 



2. Description of the Related Art 

. An SLS structure layer is formed as a buffer 
layer between the semiconductor wafer substrate, 
such as a GaAs wafer and Si wafer, and a com- 
pound semiconductor layer, such as an InGaP lay- 
er and GaAs layer, for the following reasons: 

(1) The SLS buffer layer reduces disloca- 
tions in the grown compound semiconductor layer 
by preventing an extension of threading disloca- 
tions from the substrate into the compound semi- 
conductor layer, due to the strain field in the SLS; 
and 

(2) The SLS buffer layer allows an epitaxial 
growth of the compound semiconductor layer hav- 
ing a different lattice constant from that * of the 
substrate by absorbing a lattice mismatch due to 
an alternate expansion and contraction of strained 
thin layers of the SLS structure layer. 

For example, a GaAs grown on a Si (GaAs/Si) 
substrate instead of a single-crystalline GaAs wafer 
substrate is produced by using the SLS structure 
layers to enlarge the wafer size, increase the me- 
chanical strength and thermal conductivity, and re- 
duce costs, compared with the GaAs wafer sub- 
strate, a lattice constant of GaAs being larger than 
that of Si by about 4% (e.g., cf. N.EI-Masry et al, 
"Defect Reduction in GaAs Epilayers on Si Sub- 
strate Using Strained Layer Supertattices", Mat. 
Res. Soc. Sympo. Pore. Vol. 91, 1987, pp. 99 - 
103). Furthermore, it is often necessary to form 
(grow) a compound semiconductor layer having a 
different or a same lattice constant from or as that 
of the wafer substrate for light emitting devices or 
lasers having a desired emission wavelength, while 
reducing the number of crystal defects such as 
dislocations. 

Currently, there is a tendency to overestimate 



RAINED LAYER SUPERLATTICE STRUCTURE LAYER 

the SLS buffer. Namely, in practice, although an 
SLS buffer uses a pair of compound semiconductor 
layers having a large lattice mismatch there- 
between, a compound semiconductor epitaxial lay- 
5 er growth on the SLS buffer has a high density of 
dislocations larger than that of a wafer substrate, 
by five or six fold, and when a graded layer is 
additionally grown between the wafer substrate and 
the SLS buffer, the compound semiconductor epi- 
10 taxial layer also has a high density of dislocations. 
Therefore, the effect of reducing the number of 
dislocations in the SLS buffer is very low. 

To obtain a required dislocation reducing ef- 
fect, preferably the compound semiconductor sub- 
rs strate including the SLS buffer is heat-treated at a 
high temperature (i.e., an annealing out of exces- 
sive dislocations). 

A conventional SLS buffer, however, is not 
proof against a heat-treatment (annealing) at a high 
20 temperature, ever for a short time, and a decay of 
the SLS structure by an interdiffusion of the al- 
ternating thin layers thereof occurs. Therefore, al- 
though the number of dislocations is reduced, the 
decay of the SLS structure causes variations in the 
2$ characteristics of the devices, for example, an in- 
crease of a full-width at a half maximum (FWHM) 
of an LED, and prevents further annealing or ther- 
.mal cycling improvement. 

30 

SUMMARY OF THE INVENTION 

An object of the present invention is to provide 
an improved strained layer superlattice (SLS) struc- 

35 *ture layer (buffer) which is not deformed 
(interdiffused) by a heat-treatment at a high tem- 
perature, including annealing for reducing the num- , 
ber of dislocations, heating for an epitaxial growth 
of an additional compound semiconductor layer, or 

40 annealing after ion-implantation. 

Another object of the present invention is to 
provide a semiconductor substrate comprising a 
single-crystalline semiconductor wafer substrate, a 
compound semiconductor epitaxial layer, and the 

45 improved SLS structure layer interposed between 
the wafer substrate and the epitaxial layer. 

These and other objects of the present inven- 
tion are obtained by providing a semiconductor 
substrate comprising: a single-crystalline semicon- 

50 ductor wafer substrate; an SLS structure layer 
formed on the wafer substrate; and a compound 
semiconductor epitaxial layer formed on the SLS 
structure layer. According to the present invention, 
the SLS structure layer comprises pairs of a first 
compound semiconductor thin layer and a second 
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compound semiconductor thin layer, the first and 
second thin layers having the same components in 
a compound system having a miscibility gap, and 
having different compositions outside of the mis- 
cibility gap including the limit line of the miscibility 5 
gap. respectively, at a temperature higher than that 
of heat-treatments applied to the semiconductor 
substrate. It is preferable that such the temperature 
difference Is 10* C or more. 

The wafer substrate is composed of a com- 10 
pound semiconductor (e.g., GaAs, lnP t GaSb, GaP. 
InAs) or of silicon (Si). 



BRIEF DESCRIPTION OF THE DRAWINGS 
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The present invention will be more apparent 
from the description of the preferred embodiments 
set forth below, with reference to the accompany- 
ing drawings, in which: 2Q 

Fig. 1 is a pseudo-binary phase diagram of 
an ABC (ln x Ga,. x P) system of BC (GaP) - AC (InP); 

Fig. 2 is a graph showing a relationship 
between a composition of the ABC (InGaP) and a 
chemical potential of A (In) at a temperature T, ; 25 

Fig. 3A is a fragmented sectional view of a 
semiconductor substrate according to the present 
invention; 

Fig. 3B is a graph of a lattice constant and a 
composition variation of the substrate of Fig. 3A; 30 

Fig. 4A is a fragmented sectional view of 
another semiconductor substrate according to the 
present invention: 

Fig. 4B is a graph of a lattice constant vari- 
ation and composition variation of the substrate of 3s 
Fig. 4A; 

Fig. 5A is a fragmented sectional view of a 
GaAs/Si substrate according to the present inven- 
tion; and 

Fig. 5B is a graph' of a lattice constant vari- 40 
ation of the substrate of Fig. 5A. 



Fig, 1 .nd.cate a ratio of V of component A (In) of 
the composition and a temperature, respectively In 
Fig. 1. points P t (P 2 . P 3) and Q, (Q 2 q 3) are 
limited values of a complete solid solution state at 
a temperature T, . (T 2 . T 3 ), between the points P, . 
<P 2 . P 3 ) and Q, (Q 2 , q 3) of a miscibility gap 
reg.on. A solid line L is a critical value, and the 
miscibility gap region is inside the line L For 
example, in the ln x Ga l0( P system points Pi . P 2 . 
Pi and Q, , Q 2 , Q 3 indicate the following composi- 
tions, at temperatures T, . T 2 and T 3 , and a 
degree of mismatch (strain value (Aa) with the 
lattice constant (a) of ln 05 Gao5P: 
Tt = 510' CL P, = ln a3 Ga 07 P 
Aa/a = it. 5%: Q, = ln 0 . 7 Ga 03 P 
T 2 = 560 C: P 2 = lno.37Gao.53P 
Aa/a = ±u>%: Q 2 = ln 0i63 Gao47P 
T 3 = 590 C: P 3 = ln 0 . 43 Gao57P 
Aa/a = ±0.5%: Q 3 = ln 0 . 57 Gao. 43 P 
The maximum temperature Tc of the miscibility 
gap is about 630 C. 

A GaPSb system and InGaAsP system can be 
adopted instead of the InGaP system. 

A chemical potential uA of component A (In) at 
a temperature T, varies, as shown in Fig 2 The 
abscissa and ordinate of Fig. 2 indicate a composi- 
tion ABC (ln x Ga,. K P) and the chemical potential, 
respectively. 

The decay of the, SLS structure due to a high 
temperature heat-treatment is caused by an inter- 
diffusion of elements of each of the compound 
sem.conductor thin layers. When a gradient of the 
characteristic curve of the- chemical potential exists, 
the gradient generates this interdiffusion, but be- ' 
tween the points Pt and Q, , the gradient is zero; 
namely, the following formula is valid and thus the 
mterdiffusion does not occur. 



Hi 

dA 



til 



= 0 



DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

According to the present invention, an SLS 
structure is thermally stabilized by utilizing a mis- 
cibility gap in a ternary or quaternary compound 
semiconductor system determining the alternating 
first and second compound semiconductor thin lay- 
ers. 

Figure 1 shows a pseudo-binary phase dia- 
gram of a ternary ABC (e.g.. In.Ga^P) system at a 
combination of BC (lll-V compound semiconductor, 
e.g.. GaP) and AC (another lll-V compound semi- 
conductor, e.g.. InP). The abscissa and ordinate of 



Therefore, if the SLS structure is formed of corn- 
's pound semiconductor thin layers having a com- 
position at P, or its vicinity outside of the mis- 
cibility gap and the other compound semiconductor 
thin layers having another composition at Q, or its 
v.cinity outside the miscibility gap. which are al- 
so ternately piled on each other, the SLS structure is 
extremely thermodynamically stable against a heat- 
treatment at a temperature T, . and thus the SLS 
structure is not decayed. For. example, the SLS 
structure consisting of In^Ga^P thin layers and 
55 ln 0 .7Ga 0 . 3 P thin layers withstands temperatures upto 
600 C. If a temperature of the heat-treatment is 
550 C. the SLS structure should be formed of 
Inoa/GaasaP thin layers and lno.53Gao.37P thin lay- 
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ers. 

Note, the GaAsSb system of GaAs-GaSb or 
InGaAs system of GaAs-lnAs can be used for an 
SLS structure utilized in the growth of an epitaxial 
InP layer, since these systems have pseudo-binary 
phase diagrams similar to that of Fig. 1 . 

The GaAs t . x Sb x system has the following data: 
T, = 770* C Pi = GaAs 0 . 7 Sb 0 .3 
Aa/a = 1.5% Qi = GaAs 0 .3Sb 0 .7 
T 2 ~ 790 # C P 2 = GaAso.53Sbo.37 
Aa/a = t1.0% Q2 - GaAso.37Sbo.e3 
T 3 » 820 *C P 3 = GaAso.566Sbo.434 
Aa/a = 0.5% Q 3 = GaAso.434Sbo.566 
Tc«830 # C 

Note: Aa/a indicates #a degree of mismatch (strain 
value) "Aa" of GaASi. x Sb K with the lattice constant 
"a" of GaAso.sSbo.5. 

The InxGat.xAs system has the following data: 
T: «580*C Pi = ln 0 j 2 Gao^8As 
Aa/a = si. 5% Qi = lno.2sGao.72As 
T 2 »600*C P 2 - lno.65Gao.35As 
Aa/a = ±1.0% Q 2 = lno.35Gao.e5As 
T 3 *620*C P 3 = ln 0 . 5 7Gao 43AS 
Aa/a = sO.5% Q 3 = lno.43Gao.57As 
Tc~630*C 

Note: Aa/a indicates a degree of mismatch 
"Aa" of ln x Gai. x As with the lattice constant of 
lno.5Gao.5As. lno.47Gao.53As has the same lattice 
constant as that of InP. 

Preferably the GaAsSb system is adopted, be- 
cause the SLS structure of the GaAsSb system can 
withstand higher temperatures than the InGaAs 
system. 



Example 1 
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wherein a A and a B are unstrained lattice constants 
of the thin layers 2A and 2B, respectively; 
h A and h B are thicknesses of the thin layers 2A and 
2B, respectively; and, 

10 G A and G B are rigidities of the thin layers 2A and 
2B, respectively. 

Therefore, possibly the lattice constant "ai t " of 
, the SLS structure is controlled by ensuring that the 
ratio (h A /h B ) of the thickness of the thin layer 2A to 

; 5 that of the thin layer 2B. coincides with that of the 
wafer substrate 1 , as shown in Fig. 3B. 

Therefore, the lattice constant "ai i " of the ten- 
period lno.3Gao.7P (10.5 nm) - lno.7Gao.3P (9.5 nm) 
SLS structure layer becomes equal to that of the 

2Q GaAs wafer substrate, in which h A ,h B is about 
21/19. 

After the formation of the SLS structure layer 2, 
the ln 0 .si Gao.49P layer 3 is epitaxially grown under 
the condition that the lattice constant of the layer 3 

25 is equal to that of the SLS structure layer 2. as 
shown in Fig. 3B. 

Next, the obtained compound substrate is an- 
nealed, to reduce the number of dislocations, at a 
temperature of 500 " C. The annealing reduces the 

30 number of dislocations, and thus stabilizes the SLS 
structure without decay. 

The AIGalnP lower clad layer. GalnP active 
layer. AIGalnP upper clad layer, and GaAs cap 
layer are epitaxially and .successively grown on the 

35 obtained compound semiconductor substrate (i.e.. 
the ln 0 .si Gao.49P layer 3) to produce an LED hav- 
ing an emission wavelength of about 650 nm. 



Referring to Figs. 3A and 3B. a semiconductor 
substrate according to the present invention con- 
sists of a single-crystalline GaAs wafer substrate 1. 
an SLS structure layer formed of ln 07 Gao.3P thin 
layers 2A having a constant thickness, and 
lno.3Gao.7P thin layers 2B having a constant thick- 
ness, and an epitaxial lno.51Gao.49P layer 3 having 
the same lattice constant as that of the GaAs wafer 
substrate 1. 

In this case, a degree of mismatch (strain val- 
ue) Aa of the thin layers 2A and 2B to the lattice 
constant of lno.5Gao.5P, is ±1.5%. Each of the thin 
layers 2A and 2B has a thickness of from 5 to 30 
nm. Note, the thickness of the individual thin layers 
should be below the maximum critical thickness to 
self-generate misfit dislocations. 

In the SLS structure a lattice constant "ai : M of 
the individual thin layer in a face parallel to the 
wafer substrate surface is determined by the fol- 
lowing formula: 



4 0 Example 2 

Referring to Figs. 4A and 48. another com- 
pound semiconductor substrate according to the 
present invention consists of the GaAs wafer sub- 

45 strate 1, an SLS structure layer 2 formed of 
lno.3Gao.7P thin layers 2A ; . 2A 2 ... 2A„ and 
lno.7Gao.3P thin layers 2Bi , 2B 2 ... 2B n . and an 
epitaxial lno.4Gao.eP 'ayer 4 having a shorter lattice 
constant than tha f of the GaAs wafer substrate 1 . 

so To change the lattice constant "ai:" of the 

SLS structure layer from that of GaAs to that of 
lno.4Gao.6P. as shown in Fig. 48. a ratio .of thickness 
h A1 (h A2 ... h An ) of the thin layer 2A: (... 2A n ) to that 
h B i (h B 2 ... B n ) of the thin layer 2B< (... 2B n ) of each 

55 pair of thin layers is gradually varied as follows: 
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For example, the ten-period ln a3 Gao. 7 P (10.5 to 
15 nm) - ln 0 . 7 Gao. 3 P (9.5 to 5 nm) SLS structure 
layer (in which h A1 /h B , = 21/19. h A10 /h B10 = 3/1 
and one period thickness of 20 nm = constant) is 
suitable. The ln 0 .4Ga 0 . 6 P layer 4 is epitaxially grown 
on the obtained SLS structure layer 2 to coincide 
the lattice constant of the layer 4 with the varied 
lattice constant "an" of the layer 2. as shown in 
Fig. 4B. 

The obtained substrate is then annealed at 
500 C to reduce the number of dislocations and 
stabilize the SLS structure without decay. 

The ln K GA,. x P, wherein n x n is smaller than 0.3 
and is gradually reduced, can be used for the thin 
layers 2A, . 2A 2 ... 2A n under the condition of 
h A t/h B t = h A2 /h B2 = ... = h An /h Bn . instead of the 
above-mentioned thickness ratio variation. In this 
case, the value V is from 0.3 to the minimum 
critical value, to self-create misfit dislocations. 



Example 3 

Referring to Figs. 5A and 5B. still another 
semiconductor substrate according to the present 
invention consists of a single-crystalline silicon (Si) 
wafer substrate: 11, a GaAs buffer layer 12. an SLS 
•structure layer 13 of the ten-period ln 0 . 3 7Gao. 63 P 
(9.2 nm) - lno.e3Gao.37P (10.8 nm), and a GaAs 
epitaxial layer 1 4. 

The GaAs buffer layer 12 of amorphous is 
deposited on the Si wafer substrate 1 1 by a con- 
ventional MOCVD process. Note, a graded GaAs 
buffer layer also can be formed. Then, the SLS 
structure layer 13 consisting of lno.37Gao.53P thin 
layers and ln 0 . 63 Gao. 3 7P thin layers is formed on the 
GaAs buffer layer 12 by a MOCVD process to 
provide the lattice constant "ai 1 - which is equal to 
that of GaAs. as shown in Fig. SB. Next, the GaAs 
epitaxial layer 14 is grown on the SLS structure 
layer 13 to obtain a GaAs/Si substrate. 

The obtained semiconductor (GaAs/Si) sub- 
strate is annealed at about 600 *C to reduce the 
number of dislocations without a decay of the SLS 
structure. 

As described above, according to the present 
invention, each pair of compound semiconductor 
thin layers of the SLS structure layer has composi- 
tions at both limit positions or the vicinity of the 
miscibility gap at a temperature corresponding to 
that of a heat-treatment, so that temperature (or 
below) does not affect the SLS structure. There- ' 
fore, suitable heat-treatments (annealing, etc.) can 



be applied to the obtained semiconductor substrate 
to reduce the number of dislocations, without a 
decay of the SLS structure. It is preferably that the 
difference between a miscibility gap temperature 
s and a heat-treatment temperature is 10 # C or more, 
since the compositions of the thin layers of the 
SLS structure layer may vary due to growth con- 
dition variability. 

It will be obvious that the present invention is 
'0 not restricted to the above-mentioned embodi- 
ments and that many variations are possible for 
persons skilled in the art without departing from the 
scope of the invention. 
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Claims 



1. A semiconductor substrate comprising: a 
single-crystalline semiconductor wafer substrate- a 
20 strained layer superlattice structure layer formed 
on said wafer substrate; and a compound semicon- 
ductor epitaxial layer formed on said strained layer 
superlattice structure layer; characterized in that 
said strained layer superlattice structure -layer com- 
25 prises pairs of a first compound semiconductor thin 
layer and a second compound semiconductor thin 
layer, said first and second thin layers having the 
same components in a compound system having a 
miscibility gap. and having different compositions 
30 outside of the miscibility gap. including the limit 
line of the miscibility gap, respectively, at a tem- 
perature higher than that of a heat-treatment ap- 
plied to said compound semiconductor substrate. 

2. A semiconductor substrate according to 
35 claim 1. wherein said wafer substrate is composed 

of a compound semiconductor. 

3. A semiconductor substrate according to 
claim 2. wherein said compound semiconductor is 
selected from the group consisting of GaAs InP 

40 GaP. GaSb. and InAs. 

4. A semiconductor substrate according to 
claim 1, wherein said wafer substrate is composed 
of silicon. 

5. A semiconductor substrate according to 
45 claim i. wherein a lattice constant of said epitaxial 

layer is equal to that of said wafer substrate. 

6. A semiconductor substrate according to 
claim 1. wherein a lattice constant of said epitaxial 
layer is different from that of said wafer substrate. 

so 7. A semiconductor substrate according to 

claim 5, wherein a ratio of the thickness of said first 
thin layer to that of said second thin layer is 
constant. 

8. A semiconductor substrate according to 
55 claim 6. wherein a ratio of the thickness of said first 
thin layer to that of said second thin layer is 
gradually varied. 
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9. A semiconductor substrate according to 
claim 6. wherein a ratio of the thickness of said first 
thin layer to that of said second thin layer is 
constant, and the composition of on of said first 

and or second thin layer is gradually varied. s 

10. A semiconductor substrate according to 
claim 3, wherein said wafer substrate is composed 
of GaAs, said epitaxial layer is composed of InGaP, 
and said first and second thin layers are composed 

of compounds in a GaP-inP system. io 

11. A semiconductor substrate according to 
claim 4, wherein said compound semiconductor 
substrate further comprises a GaAs buffer layer on 
said silicon wafer substrate, said epitaxial layer is 
composed of GaAs, and said first and second thin ;s 
layers are composed of compounds selected from 

the group consisting of InP-GaP system, GaP- 
GaSb system and GaP-lnAs system. 

12. A semiconductor substrate according to 
claim 1 t wherein the difference between the mis- 20 
cibility gap temperature and the heat-treatment 
temperature is 10* C or more. 
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Fig. 3 A 
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Fig. 5A 



Fig. 5B 
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